Offspring of parents with bipolar disorder (OBP) are at increased risk to develop bipolar disorder (BD). Alterations in resting-state functional connectivity (rsFC) have been identified in OBP; however, replication has been limited and correlation with person-level risk is unknown. A recent study found reduced rsFC between left inferior frontal gyrus (IFG) and clusters in the left insula (LINS), lentiform nucleus (LENT), and midcingulate cortex (MCING) in OBP (Roberts et al. 2017) ; here, we aim to extend these findings to atrisk youth. We scanned a subset of the Pittsburgh Bipolar Offspring Study, a longitudinal study of OBP and community controls. Twenty-four OBP, 20 offspring of control parents with non-bipolar psychopathology (OCP), and 27 healthy controls (HC) had acceptable rsFC data. After preprocessing steps, we assessed group differences in seed-based rsFC between the IFG and target clusters (LINS, LENT, MCING) using multivariate regression. Next, we tested whether rsFC correlated with person-level risk score and with other dimensional measures. We did not find group differences in rsFC between IFG and target regions. Within OBP, risk score negatively correlated with IFG-LINS rsFC (p = 0.002). Across groups, mood lability correlated negatively with rsFC between IFG and target regions (p = 0.0002), due to negative correlation with IFG-LINS (p = 0.0003) and IFG-MCING (p = 0.001) rsFC. While grouplevel differences were not replicated, IFG-LINS rsFC was negatively correlated with a person-level risk score in OBP and with mood lability (a predictor of BD) across the sample. Thus, IFG-LINS rsFC might constitute a risk marker, within OBP, for the development of BD.
INTRODUCTION
Offspring of parents with bipolar disorder (OBP) are at increased risk to develop the disorder themselves, but still only a minority will eventually meet full criteria for bipolar disorder (BD). In the Pittsburgh Bipolar Offspring Study (BIOS), the cumulative incidence of bipolar spectrum disorder (BPSD) was 25% by early adulthood, while the cumulative incidence of full-threshold bipolar-I or -II was ∼13% [1] . Recent work has focused on identifying predictors of risk in these youth, which include mood lability, depression, anxiety, and (closer to onset) subthreshold manic symptoms, especially in the context of a parent with earlyonset mood disorder [2] [3] [4] . We have combined extant risk factors from the literature into a risk calculator that is able to distinguish youth who will develop BPSD within the next five years versus those who will not [5] . Thus each at-risk youth has a "risk score" (between 0 and 1) that quantifies person-level risk for progression. An important next step is to assess how individual risk score may correlate with neurobiological changes, to begin to identify markers of risk and resilience. This also sets the stage for later assessing whether brain markers might improve individual prediction.
A growing body of literature points to the inferior frontal gyrus (IFG) and closely related ventrolateral prefrontal cortex (VLPFC) as key elements of neural circuitry underlying the development of BD [6] . These regions have been implicated in subjective reward value encoding, cognitive control, and emotion regulation [7] [8] [9] , all behavioral processes that have been shown to be abnormal in individuals with BD and their first-degree relatives. The majority of extant literature has focused on differences in activation and taskrelated functional connectivity between at-risk offspring and controls, using reward [10] , emotion regulation [11] , emotional nback task [12] , and affective go/no-go tasks [13] . Many of these studies have found differences in activation and/or task-related functional connectivity between individuals at familial risk for BD and healthy controls within the IFG and VLPFC.
Abnormalities in resting-state (task-free, intrinsic) functional connectivity (rsFC) have also been found in individuals at familial risk for BD [14] [15] [16] [17] [18] [19] , and again, the IFG and VLPFC emerge as key regions that distinguish at-risk and healthy controls [14, 15] (Table S1 ). In healthy, young offspring of a bipolar parent (vs. healthy controls), Singh and co-authors [14] found less VLPFCcaudate rsFC and more rsFC within the VLPFC, although the latter was associated with higher functioning [15] . In a sample of young adult at-risk individuals with BD, some of whom already had psychopathology (vs. community controls), Roberts and colleagues [14] found that the left IFG was less connected to a network of regions: left insula (LINS), midcingulate cortex (MCING), and lentiform nucleus (LENT) [14] . They also found a similar, though more pronounced, pattern of decreased rsFC between the left IFG and a broader network of cortical regions (including bilateral insula) in young adults with BD [14] . When interpreting previous findings, it is important to view OBP as a heterogeneous population that may differ according to "stage" of risk, e.g., whether OBP are healthy (e.g., Stage 0) and perhaps resilient, or already have possible prodromal symptoms of BD (e.g., Stage 1a/ 1b) [20] . Such clinical heterogeneity may explain differences across studies, and also motivates the assessment of person-level risk differences (and correlated neural markers) in at-risk samples.
Here, we aim to replicate and extend findings from the Roberts et al. [14] study, which found reduced rsFC between left IFG and three target regions (LINS, MCING, and LENT) in OBP vs. HC. Reproducibility is a current concern across scientific fields that has especially been problematic in neuroimaging, given fairly small sample sizes, diverse protocols, and variable processing streams [21] . Thus, we first test whether findings replicate in a younger sample (7-17 years old vs. 16-30 years old), also assessing differences in developmental trajectories of IFG-target region rsFC (age*group interactions). BIOS is not a perfect replication sample, given important differences between the samples (e.g., depression rates, antidepressant use; see Table S1 ); however, in both samples, a substantial proportion of at-risk participants had psychopathology and were on psychotropic medication. In addition, the Roberts et al. [14] . study had a large sample (n > 70 for at-risk and healthy controls), well-described and rigorous methodology, and robust findings.
Next, we extend these findings to assess whether rsFC between IFG and target regions differs according to risk score and other dimensional predictors of BPSD. Given clinical heterogeneity in OBP, testing the relationship between brain markers and a quantitative measure of person-level risk for BD (i.e., risk score) may further strengthen inference regarding neural markers of risk.
METHODS

Sample
Participants were a subset of BIOS, an ongoing longitudinal study consisting of offspring of parents with BD-I or -II and offspring of community controls [22] . Youth 7-17 years old at time of scan who did not have BPSD were invited to participate. Exclusion criteria for all participants were: systemic medical illness, neurological disorders, head trauma, alcohol or illicit substance use, standard exclusion criteria for magnetic resonance imaging (MRI) research (metal in the head or body, claustrophobia, etc.), and intelligence quotient (IQ) < 70 (using the Weschler Abbreviated Scale of Intelligence); siblings were also excluded. Eighty youth were scanned from this cohort: this included 32 offspring of bipolar parents (OBP), 31 offspring of parents with other psychopathology (offspring of control parents; OCP), and 17 healthy controls (HC). We combined healthy controls from another study, the Longitudinal Assessment of Manic Symptoms [23] (n = 20), which had an identical neuroimaging protocol. Youth who moved >3 mm were excluded from additional analyses. In addition, youth with <4.5 min of "good" data (following "scrubbing" points with framewise displacement >0.5 mm; see procedures below) were excluded. This yielded a sample size of 24 OBP, 20 OCP, and 27 HC ( Table 1) . Included youth were older than those who were excluded but did not differ according to group or other demographic factors (Table S2) .
Procedures BIOS study procedures have been described previously [11, 22] . Informed consent from the parents and assent from the children were obtained for both the overarching longitudinal study and the neuroimaging study. As part of the larger study, participating parents were assessed using the Structured Clinical Interview for DSM-IV. At each study visit (approximately every two years), parents and their offspring were interviewed using the Schedule for Affective Disorders and Schizophrenia for School Age ChildrenPresent and Lifetime Version (K-SADS-P/L) for non-mood disorders and the K-SADS Mania Rating Scale (KMRS) and the depression items from the KSADS-Present Version (KDRS), which assess subthreshold and threshold mood symptoms [24, 25] . Self-and parent-reports of depressive symptoms over the past two weeks (Mood and Feelings Questionnaire; MFQ) [26] , anxiety over the past three months (Screen for Child Anxiety Related Disorders; SCARED) [27] , and mood lability (Child Affective Lability Scale; CALS) [28] were also collected. Based on assessments administered at study visit, risk score was calculated as previously described [5] , based on predictors from a meta-analysis by Van Meter et al. [29] (e.g., subthreshold manic symptoms, subthreshold depressive symptoms, mood lability, and anxiety); we also included age and parental age of onset, based on previous literature [30, 31] .
As part of a 90-min neuroimaging session, youth underwent a 6-min resting-state protocol with eyes open on a Siemens Trio scanner (TR = 2000 ms, TE = 28 ms). On day of scan, MFQ, SCARED, and CALS were collected (self-and parent-reports); information was also obtained about handedness [32] and socioeconomic status [33] . All participants had a study visit within 18 months of scan, with most study visits being within the previous 6 months. All study procedures were approved by the University of Pittsburgh Institutional Review Board.
Data analysis Data were preprocessed using DPABI, an SPM-based platform that implements a flexible pipeline with state-of-the-art motion correction [34] . The first four time points were removed to allow for image stabilization, followed by slice timing correction and realignment. Co-registration was implemented using the "new segment" protocol and DARTEL. Next, regression was performed to regress out artifact; we used the Friston 24-parameter model to correct for motion [35, 36] , as well as using CompCor to regress 
Intrinsic functional connectivity correlates of person-level risk for. . . DM Hafeman et al. out white matter and CSF signal [37] , and scrubbing regressors to effectively remove any time point with sudden movement (framewise displacement [38] >0.5 mm) as well as the time point previous. Due to the debate on global signal regression, we ran analyses with and without this variable [39] ; findings did not differ, and here we report the results corrected for global signal. Images were normalized by DARTEL, smoothed using a 6 mm smoothing kernel, and filtered (0.01-0.08 Hz). Because the Roberts et al. analysis did not apply a filter, we also reran analyses without a filter; findings remained unchanged. We extracted correlations between timeseries in seed and target spheres, centered on coordinates reported in Roberts et al. [13, 14] and a radius of 8 mm. We used a LIFG seed (−21 11 −17); target regions were LINS (−35 −1 3), MCING (−7 −18 43), and LENT (−25 −12 −5) (Fig. 1) . We chose an 8 mm radius because this was most consistent with the number of voxels reported by Roberts et al. in the LIFG seed.
In SAS 9.4, we implemented multivariate regression using proc glm to test whether seed-target region rsFC differed according to group. For the primary analysis, dependent variables were LIFG-LINS correlation, LIFG-MCING correlation, and LIFG-LENT correlation. Effects of age and age × group interactions were also tested. Next, we assessed, in the OBP group, whether IFG-target rsFC was correlated with risk score. Finally, we tested, across the whole sample, whether rsFC correlated with depression, anxiety, and mood lability (average report of parent and child: MFQpc, SCAREDpc, and CALSpc) at time of scan, after adjusting for group. We initially tested these dimensions in separate models, then together to test for which dimensions were independently associated with IFG-target rsFC. All analyses were adjusted for age, gender, and mean framewise displacement (FD-Power [38] ); all full-sample dimensional analyses were also adjusted for group. We also subsequently controlled analyses for psychiatric diagnosis and medication, to assess whether observed effects were attributable to these variables. To ensure that dimensional findings were not driven by outliers, we repeated analyses after removing values >1.96 standard deviations above the scale mean. We report Wilks' Lambda for the multivariate regressions, which simultaneously models the three connectivity coefficients of interest (and thus adjusts for multiple comparisons); for models with Wilks' Lambda p < 0.05, we report individual target regions. To account for differing scan lengths (due to "scrubbing"), we also conducted a weighted regression in SAS, weighting according to scan duration.
We also conducted exploratory whole-brain analyses in SPM12 (cluster-forming threshold p = 0.001, k ≥ 25 voxels) to test for group differences, correlations with risk score, and correlations with other dimensions. Cluster-wise FWE-corrected p-values given by SPM12 are reported, unless otherwise noted.
RESULTS
Between-group analyses
The rsFC between IFG and target regions did not significantly differ across groups (Λ = 0.86, F = 1.60, p = 0.15); there were no significant pairwise differences between OBP and other groups. There was no main effect of age and age × group interactions were not significant. Adjustment for psychiatric diagnosis and medication variables did not alter findings; weighting according to uncensored scan time also did not change results (Table S3) .
Risk score analysis Within OBP, rsFC between LIFG and target regions were significantly correlated with risk score (p = 0.02, Table 2 ). This was driven entirely by a negative correlation between IFG-LINS and risk score (r = −0.64, p = 0.002; Fig. 2a ). This correlation remained significant after adjusting for psychiatric diagnosis (yes/ no) and medication (yes/no) at time of scan; weighting analyses by scan time did not change results (Table S3) .
Risk score is a composite of clinical scales (e.g., CALSpc and SCAREDpc), as well as the parental age of mood disorder onset (where early age onset in parent is a predictor of offspring disorder). To probe which components of risk score might be driving the LIFG-LINS relationship, we ran an additional model including relevant components of risk score (parent age of onset, CALSpc, and SCAREDpc) and standard covariates. Older parent age of onset (a protective factor) was positively correlated with LIFG-LINS rsFC (r = 0.46, p = 0.046; eFigure 1); CALSpc and SCAREDpc were no longer significant in this model.
Dimensions analysis
Across the sample (and adjusting for family history), rsFC between LIFG and target regions was negatively correlated with mood lability (CALSpc) and, to a lesser extent, anxiety (SCAREDpc) ( Table 2) . LIFG-LINS rsFC was negatively correlated with CALSpc (r = −0.43, p = 0.0003), even after removing outliers; LIFG-MCING rsFC was also negatively correlated with CALSpc (r = −0.40, p = 0.001; Fig. 2c ), though this relationship was no longer significant when outliers were removed. Both LIFG-LINS and LIFG-MCING rsFC was also negatively correlated with SCAREDpc; however, these relationships were less robust to multiple comparisons (particularly after the removal of outliers) ( Table 2) , and diminished considerably with adjustment for diagnosis (Table S3) not correlated with LIFG rsFC. Adjustment for psychiatric medication did not alter these findings, nor did weighting by scan time (Table S3) ; dimension × group interactions were not significant, indicating similar correlation regardless of risk group. In a single model including all dimensional predictors (CALSpc, SCAREDpc, and MFQpc), CALSpc remained significantly correlated with rsFC between LIFG and target regions (p = 0.004), due to significant correlations with both LIFG-MCING and LIFG-LINS rsFC; SCAREDpc was no longer significant (Table 2) .
Whole-brain analyses: LIFG seed There were no significant group differences in rsFC between LIFG and whole brain. We also did not observe significant correlations between LIFG rsFC and risk score at the whole-brain level. CALSpc was positively correlated with LIFG-superior frontal gyrus rsFC (2 clusters: k = 48, FWE-corrected p = 0.02; k = 44, FWE-corrected p = 0.03) and negatively correlated with IFG-left postcentral gyrus rsFC (k = 52, FWE-corrected p = 0.02) (Table S4; Figure S2 ). At the whole-brain level, CALSpc showed negative correlations with LIFG-LINS rsFC, though this did not survive FWE correction (k = 32, FWE-corrected p = 0.11). SCAREDpc was positively correlated with IFG-right superior frontal gyrus rsFC (k = 68, FWE-corrected p = 0.004). We did not observe negative correlations between SCAREDpc and LIFG-target region rsFC. There were no (FWEcorrected) significant correlations between MFQpc and LIFG rsFC (Table S4) .
DISCUSSION
We aimed to replicate and extend findings from a recent study that showed reduced rsFC between LIFG and three target regions (LINS, MCING, and LENT) in individuals at familial risk for BD [14] . While we did not find group differences in rsFC between these regions, as previously reported, we did find compelling correlations between LIFG-target region rsFC and both risk score (in the OBP) and mood lability (across the sample). Specifically, we found that LIFG-LINS rsFC was negatively correlated with risk score, and that LIFG-LINS (and, to a lesser extent, LIFG-MCING) rsFC was negatively correlated with mood lability. We did find that anxiety was also inversely correlated with LIFG-LINS and LIFG-MCING rsFC, but these findings were not significant after accounting for mood lability or psychiatric diagnosis. Given the lack of separation according to family history, one important possibility is that the LIFG-LINS is related to psychopathology in general, and not specific risk for BD. However, we found young parental age of mood disorder onset (an important, symptom-independent predictor of BD in at-risk offspring) to also predict less LIFG-LINS rsFC. This provides further evidence that LIFG-LINS rsFC may be correlated with BD risk in OBP, above and beyond symptom counts. Across group (and adjusting for family history status), LIFG-LINS rsFC was also correlated with mood lability, a key dimensional predictor of BD risk. With the Roberts et al. [14] findings, we find further support for the hypothesis that LIFG rsFC is important for risk, at least partially through effects on mood lability. However, findings do need to be interpreted with caution, give the absence of hypothesized group (family history) differences.
The IFG seed utilized in this paper is a medial, ventral, and posterior region that includes parts of Brodmann Area (BA47), anterior insula, subcallosal gyrus, and orbitofrontal cortex. This seed was initially chosen by Roberts et al. [14] based on their previous finding that individuals at familial risk for BD showed reduced IFG recruitment when inhibiting response to fearful faces [13] . This region has also been implicated in delay discounting and is activated in trials in which the longer term (larger) reward is chosen over the short-term (smaller) reward [40] , and is important for updating internal representations of stimulus-outcome relationships in the context of reward [41] . Both in response to reward and fearful faces, LIFG activation and functional connectivity may be key to regulating choice-related impulsivity, particularly in the face of emotional stimuli. In particular, we find that reduced LIFG rsFC to brain areas key for regulatory [42] (MCING) and interoceptive [43] (LINS) processes is associated with mood lability. One interpretation is that the dysconnectivity of the LIFG from regulatory/interoceptive networks leads to elevated emotion-related impulsivity, which results in emotion dysregulation and mood lability. This dysconnectivity, particularly from the LINS, also appears to increase risk of BD in OBP.
Thus, our findings are consistent with the possibility that rsFC of this IFG seed (particularly with LINS and MCING) is a neural marker for increased mood lability due to difficulty inhibiting response to emotional stimuli. This has broader applicability in child psychiatry, as mood lability is a fairly common presenting problem Associations between individual dimensions and rsFC were assessed (Separate Models). To test which dimensions were the most important predictors, we then ran models including all dimensions (Combined Models). All analyses are adjusted for offspring group, age, gender, and mean framewise displacement that causes problems with psychosocial functioning and increases risk for the development of both internalizing and externalizing disorders [44] . Mood lability is also higher in OBP and predictive of BD in youth at familial risk [2, 45] . If these findings are replicated, future work might use IFG rsFC as a neural target of treatments aiming to decrease emotion-related impulsivity and mood lability. Interestingly, we were not able to replicate group-level findings from the Roberts et al. analysis. One explanation for this lack of replication is that the Roberts sample was further along the bipolar risk continuum than our sample, in part related to age differences. Our participants were 7-17 years old with low rates of anxiety and depression; in contrast, the participants in the previous study were 16-30 years old with (as expected) higher rates of anxiety and depression. It is possible that reduced IFGtarget region rsFC becomes more ubiquitous and thus a marker of family risk in late adolescence, whereas in childhood and early adolescence, this marker instead distinguishes those who are developmentally at the highest risk of conversion (e.g., with an early-onset parent). Other explanations for this discrepancy are also possible. First, our sample was small relative to the previous study, and the absence of group-level differences might be related to limited power to replicate these findings. Post hoc power calculations indicate that, given our sample size, our power to detect the effect size observed in Roberts et al. [14] was 70% for LIFG-LINS (see Supplement). Second, we did not fully replicate the Roberts et al. methods, but rather used published coordinates and an independent pipeline to assess group-and risk-related differences. It is possible that the lack of full replication is due to methodological differences. Despite this different sample, agegroup, and analytic method, our findings do, from a broader perspective, support the hypothesis that IFG rsFC, particularly with the LINS, is a potential risk marker in OBP.
The current findings must be interpreted considering the following limitations. First, the sample size of youth in the OBP and OCP groups was rather small (24 and 20 participants, respectively) which is why we chose a direct replication rather than a more exploratory analysis. Second, we had to exclude many participants (29 of 100 scanned) due to excessive movement. This might limit the generalizability of our findings, although youth who were excluded vs. included did not differ according to group (Table S2) . Also, given the noise that inclusion of these participants would add to our findings, it is preferable to exclude them. Third, with rsFC, there is the possibility that micro-movements and other artifact can cause systematic noise. We found that groups did not differ according to mean framewise displacement, a measure of sudden movements, thus decreasing this possibility; similarly, framewise displacement did not correlate with CALSpc or risk score. Fourth, a scan length of 6 min, while standard in the field, is somewhat short. However, previous work indicates that networks stabilize within ∼5 min [46] ; in addition, when we reran analyses down-weighting shorter scans, results were unchanged.
In conclusion, we find that LIFG rsFC with target regions, previously found to be reduced in individuals at familial risk for BD, is negatively correlated with risk score (in OBP) and mood lability (across the sample). While we did not replicate LIFG rsFC as a marker of familial risk in this younger sample with less anxiety/ depression, we did find evidence that LIFG-LINS rsFC is an important marker of person-level risk within offspring of parents with BD, as well as possibly a broader marker of emotion-related impulsivity. If replicated, LIFG-LINS rsFC might represent a potential marker of mood lability, a marker of individual risk in those with a family history of BD, and a potential neural target for early intervention. 
FUNDING AND DISCLOSURE
